Rationale: Phosphorus losses from agriculture pose an environmental threat to watercourses.
O PO4 values of animal wastes have, up to now, received little attention.
Methods: Phosphate (PO 4 ) was extracted from cattle faeces using anion resins and the contribution of microbial PO 4 was assessed. The δ
18
O PO4 value of the extracted PO 4 was measured by precipitating silver phosphate and subsequent analysis on a thermal conversion elemental analyser at 1400°C, with the resultant carbon monoxide being mixed with a helium carrier gas passed through a gas chromatography (GC) column into a mass spectrometer. Faecal water oxygen isotope ratios (δ 18 O H2O values) were determined on a dual-inlet mass spectrometer through a process of headspace carbon dioxide equilibration with water samples.
Results: Microbiological results indicated that much of the extracted PO 4 was not derived directly from the gut fauna lysed during the extraction of PO 4 4 is, in the main, derived from animal faeces although an explanation for the observed value range could not be determined.
| INTRODUCTION
Phosphorus (P) is an essential macro-nutrient for plants and animals. It is fundamental to many biological processes because it is involved in energy transfer and is the constituent of several organic molecules. 1 As such, it is essential to modern agricultural systems where it is applied both in the form of animal and plant wastes and as inorganic mineral fertilizers. However, in many parts of the world, a P surplus now exists such that more P is contained within the soil than is required by plants, 2, 3 leading to increased P in soil water, 4 and ultimately a proportion of this is lost to watercourses alongside any incidental losses that may occur from directly applied amendments. 5 Even small increases of P in watercourses can have serious detrimental effects, 6 causing this reason, it is essential we understand better P chemistry, biochemistry and emissions from key sources in the landscape.
Stable isotope ratios have been used to track elements during transfers between different pools and to understand the respective roles of abiotic and biotic processes during these transfers. 2 | EXPERIMENTAL
| Sample collection
The details of the animals sampled are presented in Table 1 . The animals sampled were being reared on the North Wyke Farm Platform 23 and came from one of the three treatments which, individually, comprise a farmlet;
(1) 'Legumes': sward improvement by reseeding with long-term grass and white clover mixtures; (2) 'Planned reseeding': sward improvement through regular reseeding using new varieties of grass; and (3) 'Permanent pasture': sward improvement of the existing permanent grassland using artificial fertilisers (both other treatments are also fertilised).
Samples were collected from seven animals whose ages ranged between 359 and 490 days old; six were male and one female, and five were Charolais crosses, one a Limousin cross, and one a Stabilizer.
Animals were not preselected for the study; simply, the first animal to defecate was selected. The animal ID number was noted and about 150 g of faeces was collected from the ground using sterile containers.
Samples of fresh faeces were collected directly after being voided onto the soil surface in clean aluminium containers and returned immediately to the laboratory for sub-sampling and preparation. First, a sub-sample of 2-3 g faeces was placed into a 12-mL glass exetainer, sealed and frozen at −20°C, ready for determination of its δ ; sodium chloride, 2. for analysis within 24 h. Thirdly, a 20-30 g sub-sample was taken, placed in a pre-weighed foil tray, weighed, and then dried to a constant weight at 105°C overnight to determine dry matter (DM) content.
| Development of extraction methods for distinguishing inorganic and microbial PO 4 in cattle faeces
The method development experiments for distinguishing inorganic and microbial PO 4 were based on extraction methods described for soils; 24, 25 whereby samples were extracted in a matrix of deionised water, or deionised water and hexanol, in the presence of anionexchange resins to collect 'free' PO 4 and 'microbial' PO 4 , respectively.
Tests using faeces found that there was no difference in the amounts of PO 4 recovered from faeces with, or without, hexanol (results not presented). This suggested that either there was no microbiological content within the faeces, or that hexanol did not lyse the cells. As it seemed unlikely that there would be no faecal microbial content, it was hypothesised that osmotic stress was causing the lysis of most of the microbial cells present and therefore the addition of hexanol would not further increase the amount of extractable PO 4 . This hypothesis was based on the standard practice of microbiologists in using a buffered solution when extracting gut microbiology for culture. 26, 27 Unlike soil microbiology, gut microbiology tends to be adversely affected in pure water and, to prevent this, the use of an isotonic diluent such as ¼ strength Ringer's solution is well established.
Ringer's solution contains mainly anions, to prevent the osmotic stress of the microbiology, so a recovery test was undertaken to see if it would adversely affect the ability of the anion resins to collect PO 4 . A PO 4 spike was added to a container of Ringer's solution into which anion resins were placed. After a 16-h shaking period, it was found that PO 4 recovery was unaffected by the Ringer's solution (results not shown) and on this basis the study was continued.
| Microbiology
Determination of the number of bacteria was undertaken using the standard plate count method for Escherichia coli, a faecal indicator organism. The sample to be tested was diluted through serial dilutions to obtain a small number of colonies on each agar plate; 0. Sample water was collected and stored refrigerated in 1.5-mL vials with no headspace until isotope analysis. Samples were weighed before and after extraction to assess whether they had been successfully dried.
| Sample analysis 2.4.1 | Phosphate
Phosphate concentrations were determined colourimetrically on an Aquachem 250 analyser (Thermo Fisher Scientific, Waltham, MA, USA) using a molybdenum blue reaction 31 after they had been diluted (typically 1/10 th ) to avoid any acid interference with the molybdenum chemistry.
| Isotopes
Measurement of the PO 4 18 O/ 16 O ratio was undertaken by weighing approximately 300 μg of Ag 3 PO 4 into a silver capsule to which a small amount of fine glassy carbon powder was added. 29 The sample was converted into carbon monoxide by dropping it into a thermal conversion elemental analyser (ThermoFinnigan, Bremen, Germany) at 1400°C; the resultant carbon monoxide mixed with a helium carrier gas passed through a GC column into a Delta + XL mass spectrometer (ThermoFinnigan). 
| Statistical analysis
All statistical analyses were conducted in R. 32 3 | RESULTS
| Faecal properties
The fresh faeces were found to have a DM ranging from 9.3 to 16.6% with a mean of 11.4% (±2.5) while the δ
18
O H2O values ranged between −1.19
and +0.41‰ with a mean of −0.73‰ (±0.65) ( Table 2 ). The amounts of PO 4 collected from faeces when using Ringer's solution ranged from 67 to 93 μg PO 4 -P g −1 DM with a mean of 78 (±9.1) μg PO 4 -P g −1
DM. This was found to be significantly less (t 6 = −8.03; p <0.001) than that collected using deionised water which ranged from 3885 to 8635 μg PO 4 -P g −1 DM with a mean of 5713 (±1856) μg PO 4 -P g −1 DM.
| Faecal microbiological content
Fresh cattle faeces had E. coli concentrations ranging from 6.1 to 7.85 CFU g −1 DM (Table 3 ). The concentrations of E. coli in the two It was concluded therefore that there was no need to correct data using the equation described by McLaughlin et al. 28 Instead, a mean of the spiked and unspiked values was used to report the resin-extractable 4 | DISCUSSION
| Microbiological content
The concentrations of E. coli reported here are consistent with those reported in the literature for beef cattle faeces. [33] [34] [35] The use of ¼ strength sterile Ringer's solution before bacteriological examination is well established 26, 27 to effectively protect bacterial cells from the osmotic shock that they would experience when being suspended in sterile water.
However, the new data from this study (Table 3) 
| Resin-extractable PO 4
The amounts of PO 4 extracted in deionised water were significantly higher than in Ringer's solution. This finding is at odds with the initial recovery test undertaken on PO 4 in a pure Ringer's solution matrix.
However, it would seem that the combination of organic material, isotopologues. 36 The microbiological analysis showed that cell lysis and rupture did not occur in either extraction (Table 3) . Therefore, the results derived from the Ringer's solution extraction are not considered further in this discussion, as it apparent that the method for distinguishing microbial PO 4 from inorganic PO 4 (as defined earlier) requires further development.
| Faecal water
The fresh faeces %DM values are consistent with those reported elsewhere for cattle grazing pasture. 37 The cattle's main source of water is via drinking troughs supplied using ground water originating from a local borehole. water, water that should be far more representative of the body water of the animal. 40 It is unclear why this is the case without further work being carried out to investigate animal P food sources and metabolic processes within the animal.
| CONCLUSIONS
• The extractable PO 4 from fresh cattle faeces was lower using
Ringer's solution than deionised water. However, this did not appear to be because of microbial cellular lysis in the deionised water extraction. It would appear to be due to some form of interference between the Ringer's solution ions, compounds in the faeces and the anion resin sheets. Because of this it was not possible to differentiate 'microbial' PO 4 and 'free' PO 4 , and their respective δ
18
O PO4 values. As it has been shown that deionised water does not lyse the microbial cells it would be worth repeating the study using the more traditional resin PO 4 extraction in a water/hexanol extraction solution to extract 'microbial' PO 4 and to also use the microbial assays described to establish if this occurs.
• The δ 18 O PO4 values of fresh cattle faeces, under the conditions reported in this study, ranged between +13.2 and +15.3‰ which are consistent with those reported elsewhere for agricultural animal slurry.
• • There were no apparent relationships between the animal variables and the δ 18 O PO4 value. However, to examine these, a more detailed study is required which should also include other animals for which few data exist in the literature.
